Many regulatory proteins undergo transient nuclear relocation under physical or chemical stress. This phenomenon is, however, difficult to assess due to the lack of sensitive and standardized biological assays. Here, we describe a new quantitative nuclear relocation assay (QNR), based on expression in yeasts of chimeric proteins in which an artificial transcription factor is fused to a target protein acting as driver for relocation. This assay combines the experimental versatility of yeast with quantitation of nuclear relocation at low levels of protein expression. We have assessed the nuclear relocation of yeast Yap1 and human p53, two transcription factors that relocate to the nucleus in response to oxidative-stress and DNA damage, respectively. We show that p53 efficiently drives the relocation of the chimeric reporter in response to irradiation and that this process requires the C-terminal nuclear export signal (NES). Cd 2 þ and Hg 2 þ , two metal ions inducing DNA damage as well as conformational changes in p53, have opposite effects on p53 relocation in response to DNA damage. Whereas Hg 2 þ effects are synergistic to DNA damage, Cd 2 þ inhibits relocation and sequesters p53 into the cytoplasm. These results demonstrate the effectiveness of QNR to investigate the regulation of p53 shuttling in response to stress signals including suspected environmental carcinogens.
Many regulatory proteins undergo transient nuclear relocation under physical or chemical stress. This phenomenon is, however, difficult to assess due to the lack of sensitive and standardized biological assays. Here, we describe a new quantitative nuclear relocation assay (QNR), based on expression in yeasts of chimeric proteins in which an artificial transcription factor is fused to a target protein acting as driver for relocation. This assay combines the experimental versatility of yeast with quantitation of nuclear relocation at low levels of protein expression. We have assessed the nuclear relocation of yeast Yap1 and human p53, two transcription factors that relocate to the nucleus in response to oxidative-stress and DNA damage, respectively. We show that p53 efficiently drives the relocation of the chimeric reporter in response to irradiation and that this process requires the C-terminal nuclear export signal (NES). Cd 2 þ and Hg 2 þ , two metal ions inducing DNA damage as well as conformational changes in p53, have opposite effects on p53 relocation in response to DNA damage. Whereas Hg 2 þ effects are synergistic to DNA damage, Cd 2 þ inhibits relocation and sequesters p53 into the cytoplasm. These results demonstrate the effectiveness of QNR to investigate the regulation of p53 shuttling in response to stress signals including suspected environmental carcinogens. Keywords: p53; genotoxic stress; nuclear relocation Eukaryotic cells have developed the capacity to regulate constitutively expressed transcription factors by controlling their access to the nucleus. Tightly controlled nuclear access allows cells to coordinate the timing and amplitude of transcriptional activation of appropriate downstream effector genes in response to stress. There is evidence that the export and import of specific proteins is a key mechanism in the regulation of critical cellular transitions (Hood and Silver, 1999; Cyert, 2001) . These dynamic localization events involve a rapidly growing number of regulatory proteins, suggesting that control of nuclear compartmentalization is a central mechanism that represents, in itself, a target for stress-regulated processes. A typical example of protein that undergoes a dynamic relocation under stress is the yeast transcription factor Yap1, involved in cellular protection against oxidative stress (Schnell et al., 1992; Kuge and Jones, 1994) through the control of expression of many proteins of the H 2 O 2 stimulon (Kuge et al., 1997; Lee et al., 1999) . In the absence of oxidative stress Yap1 is mainly located in the cytoplasm. After stress by H 2 O 2 , the nuclear export of Yap1 is inhibited by oxidation of cysteines embedded in the NES (Delaunay et al., 2000 (Delaunay et al., , 2002 . In mammalian cells, many stress-induced transcription factors, such as the nuclear factor kappa B (NF-kB) and the tumor suppressor p53, are tightly controlled by nucleo-cytoplasmic shuttling (for review (Fabbro and Henderson, 2003) ). In nonstressed cells, p53 is constitutively expressed as a 'latent' factor actively exported from the nucleus through the binding of Mdm-2, the product of a gene transcriptionally activated by p53. Intracellular levels of p53 protein are stabilized by nuclear accumulation in response to many stress factors such as g-irradiation (Fritsche et al., 1993) or UV rays (Klibanov et al., 2001) . This stress-induced translocation is thought to be regulated by inhibition of nuclear export mediated through masking the Cterminal NES due to tetramer formation and/or through inactivation of N-terminal NES consecutive to stress-induced phosphorylations at several serine S 15 and S 20 (Zhang and Xiong, 2001 ). Thus, regulation of nuclear-cytoplasmic shuttling in response to stress is required to allow the protein to localize to the nucleus and activate transcription of genes that initiate apoptotic or antiproliferative pathways .
Current approaches to monitor transient nuclear accumulation of proteins include subcellular fractionation, fluorescence microscopy using immunostaining or fusion proteins with green fluorescent protein (GFP). However, these methods are labor-intensive and, in the case of fluorescence microscopy, provide qualitative rather than quantitative assessment of nucleo-cytoplasmic shuttling. In addition, forced expression of regulatory proteins fused to GFP, which is required for fluorescence detection, may interfere with physiological responses to various stress conditions. For example, artificially elevated levels of Yap1 increase cellular resistance to oxidative stress (Wu et al., 1993) . The same consideration applies for constitutive expressed expression of p53-GFP constructs, which may induce cell cycle or apoptosis resulting from accumulation of stable ectopic p53, even in the absence of exogenous stress signals.
Yeasts have demonstrated their usefulness as model systems to monitor several aspects of the regulation and function of human transcription factors, in particular p53. The yeast functional assay (FASAY) has become a standard tool for the detection and transcriptional evaluation of mutant p53 in cancer (Ishioka et al., 1993; Flaman et al., 1995; Kato et al., 2003) . In other experimental contexts, Bischoff et al. (1992) , have shown that human p53 expressed in S. pombe could inhibit growth and underwent phosphorylation at residues phosphorylated in mammalian cells, including serine 315 and 392. On the other hand, studies using conditional yeasts mutants for Trr1 (thioredoxin reductase) and Trx (thioredoxin) have shown that oxidation status and activity of wild-type p53 in yeast was under the control of a Trr/Trx signaling pathway also operating in mammalian cells (Merwin et al., 2002) .
We have developed QNR as a functional assay for high throughput, sensitive and quantitative screening of transient nuclear accumulation of proteins expressed at very low levels in response to various types of stress. Figure 1 describes the principle of QNR. Briefly, the protein of interest (either yeast Yap1 or human p53) is fused to an artificial hybrid transcription factor (LG) comprising the bacterial LexA DNA binding domain (L) and the yeast Gal4 activation domain (G), under the control of pGAL1, a promoter repressed by glucose and de-repressed by raffinose. This promoter allows for expression of low levels of construct, which do not interfere with cell's behavior in response to stress. Nuclear accumulation in response to stress is expected to result from the presence of particular amino-acid signatures on the target protein, and is quantified by fluorescence generated through differential activation of LacZ gene expression driven by the artificial LexA operator.
To assess the performance of QNR, we tested the translocation activity of the LG-Yap1 construct after exposure to H 2 O 2 . Genetic complementation tests have revealed that the LG-Yap1 suppressed the oxidationsensitive phenotype of Dyap1 cells, suggesting that LG fusion does not affect Yap1 function (data not shown). As expected, using QNR we observed a dose-dependent increase of b-galactosidase activity, saturating at 0.2 mM H 2 O 2 ( Figure 2a ). To examine whether the increase in bgalactosidase activity was strictly related to nuclear accumulation of LG-Yap1, we analysed b-galactosidase activity in yeast cells expressing a fusion protein in which the wild-type Yap1 (Yap1 wt ) is replaced by a Yap1 NES mutant (Yap1 L619S/L623S ) that constitutively accumulates into the nucleus (Delaunay et al., 2000) . In the absence H 2 O 2 , yeast cells expressing LG-Yap1 L619S/ L623S displayed a high level of b-galactosidase activity (40-fold higher than LG-Yap1), which was not increased after addition of H 2 O 2 (Figure 2b ). By comparison, the accumulation of a fluorescent, chimeric GFP-LG-Yap1 in the nucleus became visually detectable at H 2 O 2 concentrations of 0.3 mM or higher (Figure 2c) , whereas using QNR a significant increase in b-galactosidase activity was detectable with as little as 0.05 mM H 2 O 2 (Figure 2a) . These results indicate that the detection level of QNR is at least six times lower than with a classical fluorescence microscopy assay.
Next, we developed an LG-p53 construct on the same principle as the LG-Yap1 construct described above, containing the entire wild-type human p53 coding sequence. After exposure to g-rays or UVB, we observed a dose-dependent increase in b-galactosidase activity (Figure 3a , b) with a maximum effect at 240 Gy and 240 J/m 2 , respectively. To verify that the effects detected Figure 1 The principle of QNR is based on the controlled expression in yeast cells of a chimeric protein comprising the coding sequence of a target protein fused to an artificial hybrid transcription factor (LG) formed of two different domains: the bacterial LexA DNA-binding domain (L) and the yeast Gal4 activation domain (G). Its expression is driven by the promoter pGAL1, strongly repressed by glucose and de-repressed by raffinose. The nuclear accumulation of the chimeric protein in response to stress is expected to result exclusively from the presence of particular amino acid signatures on the target protein (X). It can be easily quantified through modifications in cellular fluorescence, due to the differential activation of LacZ gene expression driven by the artificial LexA operator. b-Galactosidase assay was performed in 96-well plates. At OD 600 ¼ 0.3 cells were exposed to the stress and its effect was analysed after cell doubling (optimized condition). Cells were collected by centrifugation, resuspended in 50 ml of buffer P (10 mM phosphate, pH 7.0, 1 mM MgCl 2 , 0.1% BSA), frozen in liquid nitrogen and thawed at 371C. In all, 150 ml of buffer P containing 250 mM 4-methylumbelliferyl-b-D-glucuronide (MUG) was added to quantify b-galactosidase activity p53 nuclear relocation in yeast after genotoxic stress C Godon et al with QNR reflected the nuclear accumulation rather than post translational activation or stabilization of a fusion product containing an inducible p53, we constructed a fluorescent chimeric GFP-LG-p53 protein and tested its location as described above for GFP-LGYap1 protein. In contrast to the latter, which showed no significant nuclear fluorescence in absence of stress, To analyse the distribution of GFP fusion proteins, cells were grown in synthetic complete (SC) medium containing 2% raffinose, 0.01% galactose to induce the expression of GFP-LG-Yap1 fusion proteins. At early log phase (OD ¼ 0.15), cells were stressed by increasing concentrations of H 2 O 2 (0.1-1 mM). Nuclear accumulation of GFP-LG-Yap1 fusion protein was observed at the indicated times on live yeast cells without fixing. GFP fluorescence staining of intact nuclei was carried out on living cells. GAL4AD, YAP1, TRP1 and GFPS65T sequences were amplified by PCR using Pfu DNA polymerase. The various PCR products were cloned by using the in vivo homologous recombination method in yeast (Oldenburg et al., 1997) into low copy vector pGilda (HIS3, CEN6-ARSH4) (Clontech) Figure 3 p53 relocation after g-irradiation, exposure to UV-B radiation or application of HgCl 2 . Yeast cells expressing the LGp53 fusion protein were stressed in the range 0-240 Gy of g-rays (a), 0-240 J/m 2 of UVB radiation (b) and 0-300 nM of HgCl 2 with or without g-rays (c). Error bars represent s.d. from the mean value of a series of eight individual measures, which were representative of at least three independent experiments. Gamma irradiation of cell cultures was performed by a Cesium-137 Gamma Irradiator with a dose rate of 2 Gy/min. UV-B (312 nm) radiation was carried out using a TFX-35 illuminating table (Vilbert-Lourmat) showing an emission spectrum in the range 290-320 nm with a peak output at 312 nm. UV-B was delivered through the bottom of the 96-well plate at a dose rate of 6 mW/cm 2 . UV Irradiation and subsequent steps were carried out in the absence of light to avoid photoreactivation p53 nuclear relocation in yeast after genotoxic stress C Godon et al
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LG-p53 located to nucleus in approximately 15% of cells (Figure 4a, b) . This observation is compatible with the distribution of p53 protein in many cultured mammalian cells, in which p53 shows prolonged periods of nuclear retention in the absence of stress. To take into account this specific, basal p53 location pattern, we scored nuclear accumulation in response to stress by counting cells with nuclear fluorescence, rather than by evaluating changes in the intensity of nuclear staining. After exposure to UVB or g-rays in combination with other stress (see below), the number of cells showing nuclear accumulation of GFP-LG-p53 was increased by 3-to-4-fold (Figure 4b) , demonstrating a good concordance between QNR and a GFP-based assay. On the other hand, Western blot of yeast extracts with DO-1, a monoclonal antibody directed against the N-terminus of p53, did not detect any significant increase in the level of LG-p53 protein (data not shown). Overall, our results indicate that the increased b-galactosidase activity of LG-p53 is due to nuclear relocation and not to stabilization and accumulation of the fusion protein.
To rule out interference due to activation of an intrinsic transcriptional activation capacity of p53, we introduced inactivating mutations in the two independent p53 transactivating subdomains (L22Q/W23S and W53Q/ F54S) (Candau et al., 1997) . These mutants retained the capacity to induce b-galactosidase activity in response to stress (Table 1) .
To further examine the effects of different stress on p53 relocation in yeast, we tested a range of divalent metals ions that differ by their genotoxic, carcinogenic and toxic properties. We found that Hg 2 þ (HgCl 2 ), with a maximum effect at 300 nM, but not Cd 2 þ (CdCl 2 ) (see below), Pb 2 þ (PbAc) nor Co 2 þ (CoSO 4 ) (data not shown), induced nuclear accumulation of p53, similar to UVB or g-rays (Figure 3c ). HgCl 2 is a weak inducer of DNA damage in Saccharomyces cerevisiae at concentrations within the range used here (Kungolos et al., 1999) and can also activate the p53-dependent transcription of stress-response genes in human liver cells (Sutton et al., 2002) . The combination of stress by HgCl 2 and girradiation induced a 13-fold p53 nuclear accumulation (Figure 3c ), more than the sum effects mediated by HgCl 2 and g-irradiation separately. This observation was confirmed by GFP-LGp53 localization experiments (Figure 4b ). This synergistic effect is consistent with the hypothesis that Hg 2 þ is weakly genotoxic in itself but catalyses the production of reactive oxygen species to increase DNA damage caused by g-irradiation. This observation suggests a novel mechanism by which low levels of exposure to Hg 2 þ may exert carcinogenic effects.
There is evidence that Cd 2 þ induces a range of genotoxic effects in yeast, including single and double DNA strand breaks (Waalkes, 2003) . Therefore, the lack of relocation activity in response to Cd 2 þ is surprising and suggests that Cd 2 þ may exert a separate inhibitory effect on p53 relocation in yeast. In vitro as well as in cultured human cells, cadmium has been shown to disrupt the conformation of wild-type p53 by displacing a structural atom of zinc within the DNA binding domain (Meplan et al., 1999) . We therefore reasoned that, structural alteration of p53 may prevent the nuclear relocation of LG-p53 in response to stress. We found that, LG-p53 relocation induced by g-irradiation was strongly reduced when cells were treated with CdCl 2 (Figure 5a) . Similarly, a concentration-dependent inhibition of p53 relocation was seen when increasing concentrations of CdCl 2 were added in the presence of HgCl 2 (200 nM) (Figure 5a ). To determine whether the LGp53 W53Q/F54S (p53 mutated at trp-53/phe-54) fusion were treated or not with 240 gy of g-ray. b-Galactosidase activity was quantified 2 h after stress application. (7) Represent standard deviation (s.d.) from the mean value of a series of eight individual measures, which were representative of at least three independent experiments p53 nuclear relocation in yeast after genotoxic stress C Godon et al effect of Cd 2 þ is specific for p53, the same experiments were repeated for LG-Yap1, with no inhibitory effect of CdCl 2 over HgCl 2 (Figure 5b ). Overall, these results are consistent with data showing that cadmium alters the genotoxic stress-dependent nuclear activation of p53 in MCF-7 cells by disrupting its conformation and inhibiting its capacity to bind DNA (Meplan et al., 1999) .
To verify that the human p53 protein is capable of using the yeast nuclear import/export machinery in response to DNA damage, we introduced individual point mutations in the bipartite nuclear localization signal (NLS) (p53 K305R ) and the C-terminal NES (p53 LÀA348/350 ). Both of these mutations have been shown to significantly inhibit the functionality of the respective domains in human cells (O'Keefe et al., 2003) . In the absence of DNA damage, both mutants displayed altered b-galactosidase activity as compared to p53 wt , with an increase in activity of 80% for the NES mutant, and a decrease of 75% for the NLS mutant ( Figure 6 ). To evaluate the relative contribution of each domain to relocation events induced by g-irradiation, we determined the ratio of fluorescence between control and induced cells expressing various mutants. The oinduced>/ocontrol> ratio of fluorescence obtained with p53 L-A348/350 was significantly lower than with p53 wt , p53 R273H (mutated at a key residue in the DNA binding domain) or p53 K305R (Figure 6 ). The low level of nuclear accumulation retained by the p53 LÀA348/350 may be explained by the fact that other residues (Met340 and Leu344) of the C-terminal NES also contribute to nucleo-cytoplasmic distribution of p53, as recently demonstrated by O'Keefe et al. (2003) . The partial loss of p53 LÀA348/350 in response to genotoxic stress indicates that the relocation of LG-p53 is at least partially dependent upon the integrity of the C-terminal NES. On the other hand, there is evidence that cryptic NES sequences exist in N-terminal sequence of p53 (Zhang and Xiong, 2001) . In future studies, QNR may represent a flexible experimental system to systematically detect cryptic nuclear location signals, examine their structural constraints and uncover possible cooperation between protein domains in the control of p53 relocation in response to stress.
In conclusion, the results described here provide a new experimental model to detect and dissect the effects of different forms of stress on p53 protein nuclear relocation. QNR combines the flexibility and ease of use of yeast cells with the enormous potential of yeast as a tool for genetic screening, and may be used in complementation assays to identify cellular factors that regulate p53 translocation. Our results imply that there is a good degree of conservation between yeast and mammalian cells in the post translational mechanisms that control p53 relocation in response to stress. In the short-term, QNR may have interesting applications as a screening system to distinguish, among cancer-related mutants, between those that may be retained in the cytoplasm and those that conserve the capacity to relocate into the nucleus and, identify and evaluate a wide range of genotoxic and carcinogenic environmental exposures, as well as to screen for drugs that may achieve therapeutic endpoints by stimulating the nuclear relocation of p53 in cancer cells that retain wild-type TP53 alleles. Figure 6 Effect of g-rays stress on nuclear relocation of p53 mutant proteins. Three p53 mutated constructs were tested: mutation in the DNA binding domain (DBD) (R273H), mutation in the bipartite NLS domain (K305R) and mutation in the C-ter NES domain (L-A348/350). Mutations were introduced into p53 using the three-fragment homologous recombination system (Kitagawa and Abdulle, 2002) . Values at the bottom of figure represent the ratio of the mean values obtained after stress application and the mean values obtained from unstressed cultures. Error bars represent s.d. from the mean value of a series of eight individual measures, which were representative of at least three independent experiments p53 nuclear relocation in yeast after genotoxic stress C Godon et al for helpful discussions. We also thank Yves Brignon, Claude Dubois, Thierry Jouve, and Pascale Richard for technical support. Work on yeast assays at IARC is supported by EC contract No 20053-2002-11 F1ED ISP FR. 
